HPV 16 E6 upregulates hTERT expression in lung cancer cells. However, the underlying molecular mechanism is unclear. In this paper, E6, LKB1, SP1, and hTERT mRNA expression levels were detected in brushing cells of patients with lung cancer (n = 106) and with benign lung disease (n = 68) by qRT-PCR. The mRNA expression levels of E6, SP1, and hTERT were significantly increased in the malignant group compared with the benign group (P < 0.01). Conversely, the mRNA expression level of LKB1 was significantly decreased in the malignant group (P < 0.01). Furthermore, the correlation between E6, Sp1, hTERT, and LKB1 was performed, our results indicated that E6, Sp1, and hTERT with positive, but LKB1 with negative correlation (P < 0.01). To investigate the potential relationship between these genes, using double directional genetic manipulation, we showed that overexpression of E6 in H1299 cells down-regulated LKB1 mRNA and protein expression but up-regulated SP1 and hTERT as well as the transcriptional activity of Sp1. In contrast, knockdown of E6 in A549 cells by short-interference RNAs (siRNAs) up-regulated LKB1 expression, but downregulated SP1 and hTERT expression as well as Sp1 activity. LKB1 loss upregulated both SP1 and hTERT at the protein and mRNA level as well as SP1 activity. To verify that the role of E6 on hTERT was mediated by SP1, siRNA knockdown of SP1 was performed on both H1299 and A549 cell lines. Inhibition of SP1 downregulated hTERT expression. Our results indicate that HPV16 E6 indirectly upregulated the expression of hTERT by inhibition of LBK1 expression and upregulation of Sp1 expression, thus suggesting a HPV-LKB1-SP1-hTERT axis for the tumorigenesis of lung cancer. Our study also provides new evidence to support the critical role of SP1 and LKB1 in the pathogenesis of HPV-related lung cancer, and suggests novel therapeutic targets.
a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
Human papillomaviruses (HPV) is a cyclic double stranded DNA virus, which is associated with a variety of human diseases. The persistent infection of high-risk HPV is closely related, for instance, to the occurrence of cervical cancer [1] . In 1979, Syrjanen first hypothesized that HPV infection might play an important role in the occurrence of lung cancer [2] . Since then, a great deal of epidemiological evidence has confirmed this hypothesis [3] [4] [5] [6] [7] [8] [9] . With the rapid development of molecular biology, it has been found that high risk type HPV16 is the most common type of infection in the development of lung cancer [3, 6] , and that E6 and E7 proteins in HPV16 are the main oncogenes in the development of lung cancer [10] , These studies support the notion that high risk HPV16 infection plays an important role in the development of non small cell lung cancer. However, HPV infection alone is not sufficient to cause tumor occurrence, because most patients with HPV infection have a natural prognosis after transient epithelial abnormalities. Only after long-term persistent infection is possible to cause lung cancer. As to the specific reasons and the possible mechanism, it is not clear at present. Recently, it was discovered that high risk HPV16 infection was closely related to the inactivation of tumor suppressor gene LKB1 in the occurrence of cervical cancer [11] , and other researchers found that the LKB1 inactivation was closely related to the occurrence of lung cancer [12, 13] . We hypothesized that high risk HPV16 infection may also be associated with inactivation of LKB1 in the development of lung cancer. Therefore, it is necessary to link HPV16 and LKB1 together to explore the combined role and the molecular mechanism in the occurrence of lung cancer, to search for genes and their regulation of promoting cancer progression, and to provide a new approach for the treatment of HPV related lung cancer.
Liver kinase B1(LKB1), also known as serine/threonine kinase 11(STK11), is the tumor suppressor gene found for the first time in patients with Peutz-Jeghers syndrome (PJS) [14, 15] . LKB1 has serine / threonine protein kinase activity, regulates gene expression by phosphorylation of substrate proteins or binding to target proteins, and plays an important role in the development of lung cancer [16, 17] . Liang et al reported that by transfected LKB1 to LKB1-null human lung cell line A594, the overexpression of the LKB1 protein was strongly associated with a decrease in both expression and activity of transcription factor specificity protein 1 (SP1) [18] .
SP1, a member of the SP proteins family, constitutes a group of highly conserved transcription factors present in a wide range of organisms. Their structures are defined by the presence of three highly conserved DNA-binding zinc finger domains which bind to similar, yet distinct, GC-rich target sequences. Recently, we found overexpression of SP1 mRNA in the bronchial brushing cells of patients with lung cancer [19] . Hedrick et al demonstrated that individual knockdown of SP1 by RNAi in lung cancer cell lines A549 resulted in inhibition of cell growth, decreased survival, and inhibition of migration/invasion [20] . Triptolide also inhibits transcription of hTERT through down-regulation of transcription factor specificity protein 1 in primary effusion lymphoma cells [21] . However, it is not clear whether E6 upregulates hTERT expression in lung cancer cells by HPV-LKB1-SP1-hTERT axis.
The main purpose of the study aims to evaluate diagnostic utility and correlation among E6, LKB1, SP1, and hTERT as tumor markers in brushing cells of patients with lung cancer. In particular, we aimed to evaluate the underlying molecular mechanism by which overexpression of E6 upregulates hTERT expression and might play an important role in the development of lung cancer.
Materials and methods
The study was conducted according to the guidelines of the institutional review boards at the First Affiliated Hospital of China Medical University, we have obtained internal review board (SCC) . These 106 patients, as well as 68 randomly selected patients without lung cancer (58 with inflammation and 10 with endobronchial tuberculosis), were included as study subjects and control subjects, respectively. These all had biopsies, resections or clinical follow-up negative for malignancy.
All bronchoscopies were performed by two experienced bronchoscopists. Forceps biopsies and brushings were obtained from all subjects, including three to four forceps biopsies and two endobronchial brushings. In order to obtain sufficient numbers of cells in the brushings, these were taken before the forceps biopsies. Endobronchial brushings were transferred to a small vial containing SurePath™ preservative fluid (BD Tripath, Burlington NC, USA). A mucolytic agent (1 mL, BD Tripath) was added to the brushings in SurePath™ preservative fluid, incubated at room temperature for 30 minutes and vortexed for 10 seconds. Additional mucolytic agent was added to the mixture until the mucus was completely lysed. The mixture was transferred to a 10 mL tube and centrifuged at 2000 g for 10 minutes. The supernatant was removed and the pellet was resuspended in 7.5 mL of distilled water. This suspension was vortexed again and centrifuged at 2000 g for 5 minutes. The supernatant was removed and the pellet was vortexed and transferred to a AutoCyte PREP system (BD Tripath) for automatic preparation and staining of slides. Cytology was recorded as positive if malignant cells were reported. Specimens that were reported as 'atypical' have been included as 'negative' in the present study, because the patients with uncertain results cannot be treated as malignant in clinical practice. The residual material was used for RNA extraction.
Cell culture
Based on our previous screening results for lung cancer cell lines, H1299 was selected as the representative of E6-low cell lines, whereas A549 was selected as the representative of E6-high cell lines, respectively. They were selected in the following transfection and interference assays. A549 and H1299 cell lines were obtained from the ATCC (Manassas, VA, USA). A549 cells were grown in Dulbecco's modified Eagle's medium (DMEM); H1299 cells were cultured in RPMI-1640, supplemented with 10% fetal bovine serum (FBS) at 37˚C in a 5% CO 2 humidified atmosphere.
Plasmid construction and transfection
HPV16 E6 cDNA (p-EGFP-N1-HPV16E6 and p-EGFP-N1, gifts from Prof. Xu-Dong Tang, Institute of Biochemistry and Molecular Biology, Guangdong Medical College, China) was transfected into H1299 cell lines which expresses a relatively low level of HPV16 [22] . LKB1 (pcDNA3-LKB1-His and pcDNA3-His, gifts from Prof. Xin Hou, College of Life Sciences, Inner Mongolia University, Huhhot, Inner Mongolia, China) was transfected into A549 cell lines which expresses a relatively low level of LKB1 [23] . The plasmids of mutants and empty were used as a negative control. Cells exposed to Lipofectamine™ 2000 or Oligofectamine™ alone served as mock transfection controls. The transfection efficiency was evaluated by observing green fluorescence under a fluorescence microscope and flow cytometric analysis (Epics-XL, Coulter, USA).
Small interfering RNA (siRNA)
Short-interference RNAs (siRNAs) against E6, LKB1, and SP1 were purchased from RIBOBIO (Guangzhou, China). Scrambled siRNA (RIBOBIO, Guangzhou, China) was used as a nonspecific siRNA control. For the siRNA transfection, H1299 and A549 cells were seeded at 5x104 cells/35-mm well. Then 24 h later, the siRNA was transfected into the cells using Lipofectamine™ RNAiMAX reagent (Invitrogen, Carlsbad, CA, USA). After transfection, the cells were incubated for 48 h and subjected to various analyses.
Western blot analysis
Total protein from cultured cells was extracted in cell lysis buffer (PIERCE, Rockford, IL) and quantified using the Bradford method. Fifty micrograms of protein were loaded and separated on SDS-PAGE (12%). After transferring to a polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA), the membrane was incubated overnight at 4˚C with antibody against E6 (1:100; Bioss Biotechnology Co., Ltd, Beijing, China), LKB1 (1:1000 Cell Signaling, USA), SP1 (1:100; Bioss), hTERT(1:200, Bioss), or mouse monoclonal antibody against betaactin or Rabbit monoclonal antibody against GAPDH (1:500; Santa Cruz Biotechnology, Santa Cruz, CA). After incubation with peroxidase-conjugated anti-mouse IgG (Santa Cruz Biotechnology) at 37˚C for 2 h, bound proteins were visualized using ECL (Pierce) and detected using BioImaging Systems (UVP Inc., Upland, CA). The relative protein levels were calculated by normalizing to beta-actin protein as a loading reference.
Real-time PCR
Total RNA was extracted from cells and isolated using an RNeasy RNA isolation kit (QIAGEN, Hilden, Germany). First-strand cDNA was synthesized from 1 μg of total RNA using ReverTra Ace (TOYOBO, Osaka, Japan). RT-PCR was performed using an aliquot of first-strand cDNA as a template under standard conditions with Taq DNA polymerase (QIAGEN). The real-time polymerase chain reaction (PCR) was carried out using SYBER GreenMaster Mix (Applied Biosystems, Tokyo, Japan). The primers used here were as follows: E6-F:
0 . The amplified products of E6, LKB1, SP1, and hTERT were 80, 108, 146, and 141 bp in length, respectively.
Assay of luciferase reporter
The H1299 cell line and A549 cell line seeded with 70% to 80% confluence in a 24-well plate one day before were co-transfected with the firefly luciferase reporter (0.2ug) along with the Renilla luciferase reporter (Promega Co) (0.02 ug) using Lipofectamine™ 3000 (Invitrogen, USA) for 6 h in transfection medium. After replacing the transfection medium with complete medium, the cells were incubated for 24 h. Cells lysates were analyzed for measurement of luciferase activities using the Dual-Luciferase Assay kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. The pGMSP1-Lu was purchased from Genomeditech, hTERT1 in HPV-related lung cancer China. Relative luciferase activity was calculated by normalizing the ratio of Firefly/Renilla luciferase to that of negative control-transfected cells.
Statistical analyses
The SPSS 16.0 statistical software package (SPSS, Inc. Chicago, IL, USA) was used for all analyses. Student's t-test was used to compare data from the densitometry analysis. The McNemar's test was used to compare the mRNA expression of E6, LKB1, SP1, and hTERT in benign brushing cells and malignant ones. Spearman correlation analysis was used to determine the correlation among mRNA expression of E6, LKB1, SP1, and hTERT in malignant group. All data were presented as mean ± SD for in vitro experiments performed at least 3 times, ANOVA and LSD-test were employed for statistical analysis. The level of statistical significance was set at P < 0.05.
Results
The qRT-PCR results of brushing cells from patients with benign or malignant lung diseases, including AC and SCC, were presented in Table 1 and S1 Table. E6, SP1, and hTERT mRNA were significantly increased in the malignant group than the benign group, whereas LKB1 mRNA was significantly decreased in the malignant group (P < 0.01). In the malignant group, SP1 mRNA was strongly positively correlated with E6 and hTERT mRNA (P < 0.01), whereas LKB1 mRNA was negatively correlated with E6, SP1, and hTERT mRNA (P < 0.01).
Overexpression of E6 significantly downregulated the expression of both protein and mRNA of LKB1, but upregulated the expression of both protein and mRNA of SP1 and hTERT, as well as the transcriptional activity of SP1 in H1299 cells; the results were presented in Fig 1A, S1 Fig and S2 Table. Transiently transfected pEGFP-N1-E6 into the low expression H1299 cell lines, and using E6 empty vector and mock transfection served as controls. The results showed that overexpression of E6 significantly downregulated the expression of both protein and mRNA of LKB1, but upregulated the expression of both protein and mRNA of SP1 and hTERT as well as the transcriptional activity of SP1.
Inhibition of E6 upregulated the expression of both protein and mRNA of LKB1, but downregulated the expression of both protein and mRNA of SP1 and hTERT, as well as the transcriptional activity of SP1 in A549 cells; the results are presented in Fig 1B, S2 Fig and S2 In order to further verify the regulatory roles of E6 on LKB1, SP1, and hTERT, we applied E6-specific siRNA to knockdown the expression of E6 in A549 cell lines, and using E6-nonspecific siRNA and mock specific siRNA served as controls. The results indicated that inhibition of E6 upregulated the expression of both protein and mRNA of LKB1, but downregulated the expression of both protein and mRNA of SP1 and hTERT as well as the transcriptional activity of SP1 in A549 cells. E6-nonspecific siRNA and mock specific siRNA showed minimal or no change.
Overexpression of LKB1 downregulated the expression of both protein and mRNA of SP1, hTERT, and E6, as well as the transcriptional activity of SP1 in A549 cells; the results were presented in Fig 1C, S3 Fig and S3 Table. We transiently transfected pcDNA3-LKB1-His into the low expression A549 cell lines, and using LKB1 empty vector and mock transfection served as controls. The results showed that overexpression of LKB1 downregulated the expression of both protein and mRNA of SP1, hTERT, and E6, as well as the transcriptional activity of SP1.
Inhibition of LKB1 upregulated the expression of both protein and mRNA of SP1, hTERT, and E6, as well as the transcriptional activity of SP1 in H1299 cells; the results were presented in Fig 1D, S4 Fig and S3 Table. In order to further verify the regulatory roles of LKB1 on SP1, hTERT, and E6, we used LKB1-specific siRNA to knockdown the expression of LKB1 in H1299 cell lines, and using LKB1-nonspecific siRNA and mock specific siRNA served as controls. The results showed that inhibition of LKB1 upregulated the expression of both protein and mRNA of SP1, hTERT, and E6, as well as the transcriptional activity of SP1 in H1299 cells. LKB1-nonspecific siRNA and mock specific siRNA showed minimal or no change.
Inhibition of SP1 down-regulated the expression of both protein and mRNA of hTERT in H1299 and A549 cells; the results were presented in Fig 2, S5 and S6 Figs and S4 Table. In order to further verify the regulatory roles of E6 on hTERT was mediated by SP1, we utilized SP1-specific siRNA to knockdown the expression of SP1 in both H1299 and A549 cell lines, SP1-nonspecific siRNA, and mock specific siRNA served as controls. The results showed that inhibition of SP1 down-regulated the expression of both protein and mRNA of hTERT.
Discussion
Human papillomaviruses are small oncogenic DNA viruses of which more than 200 types have been identified to date [24] . A causative relationship between high risk HPV infection and human cervical cancers or a subset of head and neck squamous cell carcinomas has been defined [25] . In recent years, more and more evidence had also implicated the association of high-risk HPV infection and the occurrence and progression of non-small cell lung cancer [3] [4] [5] [6] [7] [8] [9] 26] . Inactivation of LKB1 is a common event in adenocarcinomas of the lung [27] , and long-term persistent infection of high-risk HPV is a necessary condition; otherwise the body of a transient infection will be automatically outcome. However, the underlying molecular mechanism of this phenomenon is unclear at present. The current study found that E6 had a significant inhibitory effect on LKB1, while LKB1 had a significant inhibitory effect on E6 as well. Thus, our results indicated that LKB1 acted as a safeguard against long-term persistent infection of high-risk HPV. Furthermore, long-term persistent infection of high-risk HPV 16 E6 caused LKB1 accumulated mutations and LKB1 loss that may be one of the main cause of lung cancer occurrence.
Bronchial brushing is an important method in the cytological diagnosis of lung cancer during the same bronchoscopy [28, 29] , and it is also an important supplement to biopsy. A combination of brushing and forceps biopsy is considered to be an essential step in the diagnosis of hTERT1 in HPV-related lung cancer bronchoscopically visible lung cancer [30, 31] . Recently, we have used RT-PCR for detecting cancer cells in bronchial brushing specimens of patients with lung cancer, and demonstrated that this method is more sensitive than conventional smear preparations [32] [33] [34] . In the present study, the expression of E6, SP1 and hTERT mRNAs were increased in the lung cancer group than in the benign group by qRT-PCR (P < 0.01), conversely, LKB1 mRNA was decreased in the lung cancer (P < 0.01). Furthermore, LKB1 was significantly negative correlated with E6 and SP1 in the malignant group (P < 0.01), but SP1 was significantly correlated with hTERT in the malignant group (P < 0.01). Our results indicated that LKB1 was likely to have gene regulatory relations with E6 and SP1, and SP1 regulatory the expression of hTERT.
In order to investigate the roles of LKB1 on regulating the expression of SP1 and hTERT in lung cancer cells, we transiently transfected pcDNA3-LKB1-His into the low expression NSCLC cell lines, A549 cells. The results showed that overexpression of LKB1 significantly downregulated the expression of both protein and mRNA of SP1 and hTERT as well as the transcriptional activity of SP1. Furthermore we employed siRNA to knockdown the expression of LKB1 in H1299 cell lines. The results showed that inhibition of LKB1 significantly upregulated the expression of both protein and mRNA of SP1 and hTERT as well as the transcriptional activity of SP1. These results demonstrated SP1 and hTERT are down-stream effectors of LKB1. In order to further verify the regulation relationship between SP1 and hTERT, we used siRNA to knockdown the expression of SP1 in both H1299 and A549 cell lines. The results showed that inhibition of SP1 significantly down-regulated the expression of both protein and mRNA of hTERT. This was in agreement with a recently published report by Long et al [21] . The above results suggest that SP1 may be a direct target gene of LKB1, and that the inhibition of SP1 expression by LKB1 may be accomplished by the phosphorylation of SP1. This conjecture and the specific phosphorylation sites of SP1 need to be further studied in the future.
In HPV related lung cancer, E6 upregulates hTERT [34] , but the underlying molecular mechanism is not clear. Our study found that E6 and LKB1 have inhibitory effect on each other. Long-term persistent infection of high-risk HPV16 E6 caused LKB1 loss, and E6 upregulated the expression of both protein and mRNA of hTERT in lung cancer cells mediated by SP1. Cheng et al. used the interference technique to knock down E6 in lung cancer cells, and the results showed that there was no change in SP1 protein expression. However, we used the transfection and interference technology to regulate the E6 in lung cancer cells, the results showed that the expression of SP1 protein was associated with the change of E6. [35] .
The activation of telomerase, a critical step in the process of human cell immortality and malignant transformation, had been widely observed in human malignant tumors. Telomerase activity is closely related to the expression of hTERT. Thus, the expression of hTERT protein, a prerequisite for obtaining telomerase activity, had been shown to be a major determinant of telomerase activity control [36, 37] .
In conclusion we demonstrated that the expression of E6, SP1, and hTERT mRNAs were increased in brushing cells of patients with lung cancer compared with benign disease by qRT-PCR (P < 0.01). The correlation comparison indicated that E6, SP1, and hTERT with positive, but LKB1 with negative correlation (P < 0.01). We had demonstrated for the first time that E6 upregulation of hTERT by downregulated LKB1 and upregulated SP1 in lung cancer cells. These results indicated that E6 played a predominant role in the regulation of telomerase activation and may be a valuable therapeutic targets for HPV-related cancer. 
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